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Achievement of all-optical ultrafast signal modulation and routing by a low-loss nanodevice is
a crucial step towards an ultracompact optical chip with high performance. Here, we propose
a specifically designed silicon dimer nanoantenna, which is tunable via photoexcitation of dense
electron-hole plasma with ultrafast relaxation rate. Basing on this concept, we demonstrate the
effect of beam steering up to 20 degrees via simple variation of incident intensity, being suitable
for ultrafast light routing in an optical chip. The effect is demonstrated both in the visible and
near-IR spectral regions for silicon and germanium based nanoantennas. We also reveal the effect
of electron-hole plasma photoexcitation on local density of states (LDOS) in the dimer gap and find
that the orientation averaged LDOS can be altered by 50%, whereas modification of the projected
LDOS can be even more dramatic almost 500% for transverse dipole orientation. Moreover, our
analytical model sheds light on transient dynamics of the studied nonlinear nanoantennas, yielding
all temporal characteristics of the proposed ultrafast nanodevice. The proposed concept paves the
ways to creation of low-loss, ultrafast, and compact devices for optical signal modulation and routing.
INTRODUCTION
The ability to control scattering of light by nanostruc-
tures is crucial for the development of functional nan-
odevices for data processing and information transfer.
Nanoantenna switching usually implies control of extinc-
tion and absorption cross-sections [1, 2], scattering pat-
terns [3–7] and near field distribution [8, 9]. Such alter-
ation of optical properties can be achieved via an exter-
nal impact, e.g. electro-optic effect [10, 11], magneto-
optic effect [12], thermo-optical effect [13] or carriers in-
jection [14].
Alternatively, one may utilize the nonlinear response
of the structure materials and control scattering with in-
tensity of incident light [15–17]. Noble metals offer Kerr
nonlinearity which can be employed for all-optical vari-
ation of scattering behavior [18]. However, plasmonic
nanoantennas suffer from high Joule losses and heating,
which limit the tuning capabilities of such systems. Sili-
con, on the other hand, has become a promising platform
for implementation of nonlinear photonic devices thanks
to a broad range of optical nonlinearities such as Kerr
effect, two-photon absorption, and electron-hole plasma
(EHP) excitation [19]. Silicon nanoantennas demonstrate
a damage threshold far exceeding that of their plasmonic
counterparts, thus enabling higher degree of tuning. Re-
cently, enhancement of optical nonlinearities in silicon
has been demonstrated at the scale of single nanoparti-
cles [20–24]. In particular, photoexcitation of EHP was
employed for tuning of silicon nanoantenna optical prop-
erties in the IR and visible regions [21, 22].
In this paper, we explore the capabilities of silicon
nanoparticle dimers for nonlinear optical tuning enabled
by photoexcitation of EHP. In particular, we demonstrate
nonlinear beam steering in an asymmetric dimer. The
main direction of scattered light is controlled via inten-
sity of incident pulse. For a realistic 200 fs pulse with a
peak intensity of about 40 GW/cm2 we observe steering
of the scattering direction as large as 20 degrees com-
pared to a weak reference pulse. Apart from the far-field
properties of a nanoantenna manifested in its scatter-
ing diagram, we investigate how the near-field behavior,
namely, local density of optical states (LDOS) can be
controlled in the vicinity of the nanodimer via EHP exci-
tation. We observe almost two-fold variation of LDOS in
the dimer gap when 40 GW/cm2 is applied. Our findings
provide an additional tool for controlling light scattering
beam steering
FIG. 1. A schematic view of beam steering via EHP photoex-
citation in silicon nanoparticles.
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2FIG. 2. (a) Scattering cross-section of isolated nanopar-
ticles with increasing EHP density in the resonant particle.
Dashed curve shows cross-section of the non-resonant par-
ticle. (b) Scattering diagram for the asymmetric dimer for
different EHP densities in the resonant nanoparticle.
at the nanoscale and prove the potential of silicon and
germanium for the development of nanoscale all-optical
devices.
MODEL
The proposed system for nonlinear beam steering as
well as its operation principle are schematically shown
in Fig. 1. The two high-index dielectric nanoparticles
of radii R1 and R2 surrounded by vacuum and sep-
arated by distance L comprise the asymmetric dimer.
Incident optical pulse enables photoexcitation of EHP
within nanoparticles affecting their optical resonances
and therefore scattering behavior. Silicon (Si) is chosen
as a high-index material due to its high two-photon ab-
sorption at optical frequencies resulting in efficient EHP
excitation [25]. On the other hand, germanium (Ge) may
become the optimal choice in the near-IR due to its at-
tractive nonlinear properties.
In order to simulate nonlinear scattering of an opti-
cal pulse we adopt our analytical model developed in
Ref. [25]. Each spherical nanoparticle is modeled as a
combination of electric (p) and magnetic (m) dipole mo-
ments. The temporal dynamics of slowly varying ampli-
tudes of these dipoles is governed by oscillator equations:
i
∂α−1e
∂ω
dp
dt
+ α−1e p = Einc (t) ,
i
∂α−1m
∂ω
dm
dt
+ α−1m m = Hinc (t)
(1)
where dipole polarizabilities are expressed in terms of the
Mie coefficients a1 and b1 as αe =
3i
2k3 a1 and αm =
3i
2k3 b1,
respectively,[26] with k = ω/c being the free space wave
vector. Einc and Hinc denote slowly varying amplitudes
of incident electric and magnetic fields.
The equations (1) fully describe dipole moments dy-
namics of a single nanoparticle provided that EHP den-
sity, which determines permittivity of photoexcited sil-
icon, is known at all times. However, EHP excitation
is driven by optical absorption within silicon due to
the electric fields of induced dipoles. The dynamics of
volume-averaged EHP density is described via the fol-
lowing rate equation [25]:
dρeh
dt
= −Γρeh + W1
h¯ω
+
W2
2h¯ω
. (2)
Here, W1,2 are the volume-averaged dissipation rates due
to one- and two-photon absorption, and Γ is the phe-
nomenological EHP relaxation rate constant which de-
pends on EHP density [27]. The absorption rates are
written in the usual form as W1 =
ω
8pi
〈∣∣∣E˜in∣∣∣2〉 Im(ε) and
W2 =
ω
8pi
〈∣∣∣E˜in∣∣∣4〉 Imχ(3), where 〈...〉 denotes averaging
over the nanoparticle volume, and Imχ(3) = εc
2
8piωβ with
β being two-photon absorption coefficient. These aver-
aged fields should be related to the instantaneous values
of electric and magnetic dipole moments. This is done by
integrating the total field of the two spherical harmon-
ics corresponding to the given values of p and m. The
relaxation rate of EHP in c-Si is dominated by Auger re-
combination [28]: Γ = ΓAρ
2
eh with ΓA = 4 ·10−31 s−1cm6
(Ref. [29]). In germanium, EHP relaxation is again me-
diated by Auger mechanism with ΓA = 7 · 10−33 s−1cm6
(Ref. [30]).
The system of equations (1) and (2) should be com-
pleted by the expression relating permittivity of excited
material ε to EHP density ρeh. For silicon, this depen-
dence is represented as the following expression:[22, 31]
ε (ω, ρeh) = ε0 + ∆εbgr + ∆εbf + ∆εD (3)
where ε0 is the permittivity of non-excited material,
whereas ∆εbgr, ∆εbf, and ∆εD are the contributions from
band gap renormalization, band filling, and Drude term.
The detailed expressions for all contributions in Eq. (3)
are given in Supporting Information. Turning to permit-
tivity of photoexcited germanium, we note that in the
IR range it is dominated by Drude contribution, expres-
sion for which is adopted from Ref. [32] (see Supporting
Information for details).
When the nanoparticles form a nanodimer, the in-
cident electric and magnetic fields Einc (t), Hinc (t) in
Eq. (1) must include the field of the incident plane wave
as well as the local fields due to induced dipoles of the
adjacent particle:
Einci.j (t) = E0 (ri,j) + k
2Gˆ (ri,j , rj,i)pj,i (t) +
ik∇× Gˆ (ri,j , rj,i)mj,i (t) ,
Hinci.j (t) = H0 (ri,j) + k
2Gˆ (ri,j , rj,i)mj,i (t)−
ik∇× Gˆ (ri,j , rj,i)pj,i (t) ,
(4)
Here Gˆ (r, r′) =
(
1+ 1k2∇⊗∇
)
eik|r−r′|
|r−r′| is the electric
3FIG. 3. (a) Time-dependent real part of permittivity of the two dimer nanoparticles under 40 GW/cm2 pulse irradiation.
Shaded area represents the incident pulse intensity. (b) The steering angle δφ as a function of time upon irradiation by pulses
of different peak intensities. (c) The scattering diagrams of the photoexcited dimer corresponding to circles in panel (b). (d) -
(f) The same as (a) - (c) but for s-polarized incident wave.
Green tensor, E0 (r) = E0e
ikr, H0(r) = k × E0(r)/k,
and k is the incident wavevector.
The scattering pattern is determined via calculation of
the time-averaged Poynting vector of the scattered field
in the far-field zone:
Sscat =
c
8pi
Re (Escat ×H∗scat) (5)
where the scattered fields in the far-field zone are given
by
Hscat = k
2
∑
j
Gˆ (r, rj)mj − ik
∑
j
∇× Gˆ (r, rj)pj ,
Escat ≈ −1
k
kscat ×Hscat,
(6)
with kscat being wave vector in the scattering direction
of interest.
BEAM STEERING
We now apply our model to demonstrate the effect of
efficient nonlinear beam steering. We consider scattering
of an p−polarized optical pulse of λ = 600 nm wave-
length with its wave vector k normal to the dimer axis.
The dimer is formed by a magnetic dipole (MD) resonant
particle of radius R1 = 74 nm and non-resonant particle
of radius R2 = 68 nm separated by L = 220 nm. This
geometry enables favorable conditions for beam steering
(see Supporting Information). Wavelength of 600 nm is
chosen due to large two-photon absorption allowing to
reduce intensities required for considerable switching.
The mechanism of steering can be understood by con-
sidering the optical properties of isolated particles com-
prising the dimer. The scattering cross-section spectra
of the isolated particles in the linear regime are shown
in Fig. 2(a). The larger particle is tuned to the MD
resonance at 600 nm, while the smaller particle is off
resonance and close to the Kerker condition of unidi-
rectional scattering, where αe = αm [33]. This results
in a strongly asymmetric radiation pattern of the dimer
shown in Fig. 2(b). The recent observation of directional
scattering form silicon dimers [34] suggests that the con-
cept of EHP excitation in silicon nanoparticles can be
employed for tailoring the radiation pattern at a constant
wavelength but instead with varying incident intensity.
Indeed, when a strong pulse is incident on the dimer,
it will enable dense EHP photoexcitation in the larger
resonant particle, while the smaller non-resonant parti-
cle will be almost unaffected by the pulse. This will cause
the MD resonance of the larger particle shift to shorter
wavelengths due to refractive index decrease induced by
EHP. Eventually, at certain level of photoexcited EHP
density the effective resonance curves of the two parti-
cles may overlap leading to nearly symmetric forward
scattering at λ = 600 nm. This evolution of scatter-
4ing patterns is shown in Fig. 2(b) for different values of
EHP density in the resonant particle. Such modification
of optical response for single nanoparticles was recently
demonstrated in Refs. [22, 23].
This behavior is confirmed in numerical modeling of
the transient nonlinear dynamics of the dimer. Time-
dependent permirttivities of photoexcited Si in each of
the two particles are shown in Fig. 3(a) for a 200 fs
Gaussian pulse with 40 GW/cm2 peak intensity. Near
the pulse center at t ≈ 400 fs EHP induced permittiv-
ity correction in the resonant particle is nearly 5 times
larger than that in the non-resonant particle. The attain-
able degree of steering depends on intensity of incident
pulse. Moreover, since EHP excitation and relaxation
are not instantaneous processes, it is useful to investi-
gate dynamics of steering during the pulse action. This
dynamics for a series of peak intensities is presented in
Fig. 3(b), where the angle of the main lobe direction δφ
is shown as a funtion of time (the scattering direction in
the cold regime is taken as 0). Steering of the scattered
radiation is maximal near the pulse center and slowly
decreases afterwards owing to ps-scale EHP decay in sili-
con particles. The corresponding scattering diagrams are
shown in Fig. 3(c), demonstrating nearly 20◦ steering in
comparison with the cold dimer.
Overall, similar dependencies are observed for s-
polarized incident wave. The corresponding results for
permittivity dynamics and scattering patterns are pre-
sented in Fig. 3(d,e,f) assuming the same dimer geom-
etry and incident pulse parameters as before. Again,
only permittivity of the MD resonant particle is signif-
icantly affected, Fig. 3(d). A smaller value of steering
of about 15◦ degrees is observed for 40 GW/cm2 pulse,
Fig. 3(e). At the same time pulses of lower intensities
result in larger steering in contrast to p−polarized inci-
dence: here, 10 GW/cm2 pulse produces ≈ 10◦ degrees
rotation of the main lobe, while for s polarization the
scattering pattern is almost unaffected. Unfortunately,
there is significant backward scattering in the unexcited
regime due to different picture of magnetic and electric
dipoles interference.
In order to gain better impression of a nonlinear Si
nanodimer as a light router, in Fig. 4 we present time
dependent scattered intensity (normalized by the instan-
taneous incident intensity) emitted in the two scatter-
ing channels: along the cold direction (δφ = 0◦) and
along the forward direction (δφ = 20◦) for p−polarized
40 GW/cm2 pulse. It clearly shows that plasma induced
nonlinearity enables redistribution of the emitted radia-
tion between the two channels with the relative difference
of about 20%.
While silicon exhibits attractive characteristics for its
use at optical frequencies, it has weak two-photon ab-
sorption in near-IR (β < 2 cm/GW) and therefore is
not preferable for tunable nanoantennas mediated by
EHP excitation. To extend the idea of EHP-controlled
FIG. 4. Normalized intensity of radiation scattered by a Si
nanodimer along the two directions as a function of time.
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FIG. 5. (a) Time-dependent permittivity of photoexcited Ge
in the two dimer particles irradiated by a 200 fs pulse at
2 µm wavelength. (b) The steering angle form a Ge dimer
as a function of time for a 200 fs pulse with different peak
intensities. Dashed curve shows steering from a Si dimer for
the same incident pulse.
dimer nanoantenna beyond the visible region, we note
that germanium is a promising candidate for all-dielectric
nanophotonics in the near-IR [35], where it is almost loss-
less with refractive index ≈ 4. Remarkably, it shows huge
two-photon absorption (β ≈ 80 cm/GW at 2.9 µm, Ref.
[36]). Along with the fact that lower EHP densities are
required for nanoantenna tuning at longer wavelengths
due to increasing free electrons contribution to ε (which
scales as 1/ω), high TPA coefficient allows for decreasing
of incident intensity required for beam steering.
The results for nonlinear beam steering in a Ge dimer
at λ = 2 µm are shown in Fig. 5 for p−polarized inci-
dent wave. Following the same strategy as before, we
compose the dimer of a MD resonant particle (240 nm
radius) and a particle obeying the Kerker condition (220
nm radius); the particles are separated by L = 800 nm.
In agreement with our expectations, 2 GW/cm2 pulse of
200 fs duration causes excitation of EHP density in the
resonant particle resulting in nearly 20◦ degrees steering,
Fig. 5(b). To justify the choice of Ge over Si in near-
IR, we show the steering angle in a Si dimer composed of
MD resonant and Kerker particles (at 2 µm) in Fig. 5(b),
which demonstrates negligible tuning as compared to the
Ge dimer.
5NEAR-FIELD TUNING
Above we have demonstrated the effect of optical EHP
excitation on the far field properties of the dimer nanoan-
tenna, i.e., its scattering pattern. The plasma nonlinear-
ity, however, can be also employed for tuning of the near
field behavior, which can be characterized by the local
density of states (LDOS) in the gap of the dimer.
Using the coupled dipoles approximation we calculate
the orientation averaged electric LDOS ρE =
2ω
3pic2 ×
Im
(
Tr
[
Gˆ(r0, r0;ω)
] )
at the center of the symmet-
ric Si dimer. The LDOS spectrum for a cold dimer
without EHP is shown in Fig. 6(a) exhibiting the well-
known series of peaks associated with resonances of the
dimer [37, 38]. The time-dependent LDOS enhancement
with respect to the free space LDOS ρ0 =
ω2
3pi2c3 is plot-
ted in Fig. 6(b) for different wavelengths assuming 200
fs pulse with 40 GW/cm2 peak intensity as that used in
the previous section for a Si dimer.
The results demonstrate that a 200 fs optical pulse can
induce nearly 50% change of LDOS at the dimer center
for specific wavelength. After the pulse action LDOS
returns to its initial value during the ps-scale EHP re-
laxation. Our calculations also indicate that for a fixed
transverse orientation of a dipole in the dimer gap the
projected LDOS ρE,u modification can be even more dra-
matic reaching five-fold enhancement or suppression. Im-
portantly, photoexcitation of EHP can transform the sys-
tem from enhanced state with ρE,u > ρ0 to the state
with suppressed projected LDOS ρE,u < ρ0. Demon-
strated tunability of LDOS in a silicon nanodimer allows
for selective enhancement or suppression of various opti-
cal effects whose strength is dependent on LDOS. Those
include not only the well-known Purcell effect, but also
thermal emission [39] and nonlinear optical effects [40].
DISCUSSION AND CONCLUSION
We finally add a remark regarding the modulation rate
which may be attained with the proposed structure. Fig-
ures 3 and 6 demonstrate that the direct switching from
the unexcited to the photoexcited state of a dimer takes
∼ 200 fs, whereas Auger recombination in c-Si enables
ultrafast recombination time down to sub-10-ps level for
intensities higher than 20 GW/cm2. The fastest relax-
ation can be achieved with nc-Si nanoparticles, for which
2.5 ps EHP relaxation has been demonstrated [25] result-
ing in approximately 400 Gbit/s bandwidth. This large
modulation speed may enable additional applications in
the area of non-reciprocal emission and absorption at the
nanoscale [41, 42].
To conclude, we have explored the potential of all-
dielectric nanoparticle dimers for nonlinear manipulation
of the near and far electromagnetic fields via electron-
FIG. 6. (a) Spectrum of the orientation averaged electric
LDOS ρE at the dimer center in the unexcited state. (b)
Electric LDOS as a function of time upon irradiation with a
40 GW/cm2 pulse. Shaded area represents the incident pulse
intensity.
hole plasma photoexcitation. In particular, we have
demonstrated nonlinear steering of light scattered from
an asymmetric dimer of silicon nanoparticles, where the
steering angle is controlled via the intensity of inci-
dent optical pulse. Excitation with a 200 fs pulse of
40 GW/cm2 peak intensity allows to achieve 20◦ steer-
ing. The concept was also applied in the near-IR for a
germanium dimer. Plasma excitation also enables con-
trol of the near fields manifested in the local density of
states in the vicinity of a dimer. We have shown that
excitation of plasma can induces 50% variation of orien-
tation averaged LDOS and even more dramatic change
of projected LDOS for a fixed orientation. This varia-
tion may be employed for transient selective control of
LDOS-sensitive effects such as spontaneous and thermal
emission.
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